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Abstract.  The relation between the Agulhas Current key role in the warm upper-branch return flow of the Atlantic
retroflection location and the magnitude of Agulhas leakagemeridional overturning circulation (Gordon, 1986;e\jér
the transport of water from the Indian to the Atlantic Ocean, et al., 1999; Peeters et al., 2004; Biastoch et al., 2008a). The
is investigated in a high-resolution numerical ocean model.southward flowing Agulhas Current is the western boundary
Sudden eastward retreats of the Agulhas Current retroflectiocurrent of the Indian Ocean subtropical gyre. After separat-
loop are linearly related to the shedding of Agulhas rings,ing from the continental slope near the southern tip of Africa,
where larger retreats generate larger rings. Using numericat flows southwestward until approximately 18, at which
Lagrangian floats a 37 year time series of the magnitude opoint it turns back into the Indian Ocean as the Agulhas Re-
Agulhas leakage in the model is constructed. The time serieturn Current (Lutjeharms and Van Ballegooyen, 1988). In
exhibits large amounts of variability, both on weekly and an- this so-called retroflection loop, 4-6 Agulhas rings are shed
nual time scales. A linear relation is found between the magper year. These anticyclones have diameters up to 300 km
nitude of Agulhas leakage and the location of the Agulhasand form the main transport agent of thermocline water from
Current retroflection, both binned to three month averagesthe Indian Ocean to the Atlantic Ocean (e.g. De Ruijter et al.,
In the relation, a more westward location of the Agulhas Cur-1999; Lutjeharms, 2006).
rent retroflection corresponds to an increased transport from The total volume flux of the Agulhas Current aP®is on
the Indian Ocean to the Atlantic Ocean. When this relationthe order of 70 Sv (Bryden et al., 2005). The bulk of this flux
is used in a linear regression and applied to almost 20 year recirculated in the subtropical gyre of the Indian Ocean,
of altimetry data, it yields a best estimate of the mean mag-and only an estimated 5-15 Sv gets into the Atlantic Ocean
nitude of Agulhas leakage of 13.2 Sv. The early retroflectionas Agulhas leakage (Gordon et al., 1992; De Ruijter et al.,
of 2000, when Agulhas leakage was probably halved, can bg999; Reason et al., 2003). Agulhas leakage is defined here
identified using the regression. as the water that is transported in the Agulhas Current and
flows from the Indian Ocean into the Atlantic Ocean.
Estimating the magnitude of Agulhas leakage has proven
1 Introduction to be difficult both in models and reality. This is in part be-
cause of the vigorous mixing in the Cape Basin, the area

The Agu|has region, the region southeast and south of AfricéOUthWGSt of the African continent. Because coherent struc-

where the Indian Ocean and Atlantic Ocean meet, plays dures entering this basin are often quickly destrucBagbel
et al. (2003a) dubbed the region the “Cape Cauldron”. One

way to estimate the magnitude of Agulhas leakage is to in-

Correspondence tcE. van Sebille tegrate the velocity as a function of depth and distance from
BY

(e.vanSebille@uu.nl) the African coast. The problem with this Eulerian method,
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512 E. van Sebille et al.: Agulhas retroflection location and leakage

however, is that the Cape Basin is not only drained from In this study, results from a 1/iumerical ocean model
the Indian Ocean, but also from the Atlantic Ocean and the(Biastoch et al., 2008a,b) are used to retrieve a linear rela-
Southern Ocean. When estimating the magnitude of Agultion between the magnitude of Agulhas leakage and the most
has leakage, these three sources of Cape Basin water hawestern longitude of the Agulhas Current retroflection loop.
to be disentangled. Due to the turbulent nature of the flowThe method of finding the westward extent of the Agulhas
in the Cape Basin and the resulting mixing, identifying sep- Current retroflection and the numerical ocean model are in-
arate water masses might be complicated, which is a maitroduced in Sect. 2. In Sect. 3, we find a linear relation be-
drawback of Eulerian velocity-based transport estimates.  tween the speed of the eastward retreat in the Agulhas Cur-

An example of an Eulerian approach to estimating of therent retroflection and the surface area of shedded Agulhas
magnitude of Agulhas leakage is the Benguela Sources andngs. The procedure for determining the magnitude of Agul-
Transports (BEST) experiment (e.g. Garzoli and Gordon,has leakage, using numerical Lagrangian floats, is described
1996), where Inverted Echo Sounder data is assimilated irin Sect. 4. In Sect. 5, the westward extent of the Agulhas
a two-layer geostrophic model. The resulting transport timeCurrent retroflection is related to the magnitude of Agulhas
series has been combined with altimetry data by Goni et alleakage to yield a linear estimate of leakage. In Sect. 6, then,
(1997) and Garzoli and Goni (2000) to yield a method to the linear estimate is applied to altimetry data. This yields a
derive geostrophic baroclinic transports from altimetry datafirst order estimate of the magnitude of Agulhas leakage and
alone. The mean transport of 4 Sv obtained in this way iscan be used to quantify early retroflections from altimetry.
low compared to other estimates. Moreover, the authors adThe articles ends with conclusions and discussion in Sect. 7.
mit that they have problems distinguishing Agulhas leakage
from other sources of transport.

Dijkstra and De Ruijter (2001) have proposed an Eule-
ran retrof_lecuon index for the magnitude of Agulha_s Ieak_— Isolines of (model) sea surface height have been used before
age, applied also by Hermes et al. (2007). Their index 'Sto track the location of the Agulhas Current (e.g Lutjeharms
based on the ratio between Agulhas Current inflow and Ag- i

ulhas Return Current outflow as determined b vqumetricand Van Ballegooyen, 1988; Boebel et al., 2003b). In this
fluxes of three-dimensional velocity fields from Z\ numerical study, the position of the Agulhas Current path is tracked

Y . by the following algorithm. From the sea surface height
ocean model. Although powerful in models, this index can

: . . rophic velociti r lcul . -
not be used in the real ocean where three-dimensional ve}-l((p’e)’ geostrophic velocities, (¢,0) are calculated. Us

o ) o hi locity f f height i f
locity field data sets are not available. Moreover, it is gen-Ing geostrophic velocity from sea surface height instead o

erally not easy to separate the Agulhas Return Current romedeI velocity fields has the advantage that the algorithm

which had its origin in the Agulhas Current, from other east- tan also be applied to data sets where absolute velocity is

ward flowing water masses such as the Antarctic Circum O_unavailable, such as altimetry.
9 PO At 320 S, the grid cell p; with highest southwestward

lar Current. This makes the retroflection index sensitive to

latitudinal shifts in the Southern Ocean frontal system neargli %i&?g:lzoxfgﬂfgy (:; Q?ﬁfc(;?:wr(llzganl) .aII Ari dcocuerllltser—
the Agulhas Return Current. ALP: galg

. with height equal tai(ps). C4 extends top,, the grid cell
Beqause of the problems .Of mixed water masses, the I‘a\'/vhere the geostrophic velocity falls below a threshold value
grangian volume transport might be a more appropriate mea-

sure of the magnitude of Agulhas leakage in a numericaIOf0'4|vg(pS)|' This value is chosen so thad is typ|ca}llylo—
! . . . . _cated east of 5CE. C 4 resembles a proper retroflection when
model. Employing the trajectories of Lagrangian floats is

: three additional conditions are satisfigg): should be east of
an unambiguous and exact way to assess how much of the

interocean flux originated in the Indian Ocean (Speich et aI.,g;’tOCﬁsseTfUId extent south of 35, andC's should not close
2006; Biastoch et al., 2008b). The drawback of using La- :

. : . . From the Agulhas Current contouf, (¢,6) a proxy is
grangian fluxes, however, is that these too are unavailable n]:u L :
the real ocean ormed. The variability of the Agulhas Current retroflection

. . . i in its longitudinal | idrugjeh
Currently, only altimeter products provide sustained ob—IS best observed in its longitudinal locatidrujeharms and

servations of the ocean state in the Agulhas region. Sea suxan Ballegooyen, 1988), so the westward extent of the Ag-
9 gon. ulhas Current might serve as an appropriate proxy. In Fig. 1

face height time series are available on high-resolution time, . . : ot .
scales and for almost 20 years. In this study, therefore, thls longitude is denoted as,, which is defined as

relate the float-determined Agulhas leakage transport to ing,, = min(CA(qb,@)) D)
formation from modeled sea surface height, with the purpose

to find the expression of Agulhas leakage at the sea surface. The algorithm is applied to the 1/1@8G01 model (Fig. 2)
The location of the Agulhas Current western front is used agBiastoch et al., 2008a,b). The model grid covers the greater
a proxy for ring shedding events and the amount of AgulhasAgulhas region (20W-7C° E; 47 S-7 S), nested into the
leakage (Ou and De Ruijter, 1986; Lutjeharms and Van Bal-ORCA model. The latter is a global ocean—sea-ice model
legooyen, 1988; Feron et al., 1992). on 1/2 grid. Both models are based on the NEMO code

2 Tracking the Agulhas Current

Ocean Sci., 5, 511-521, 2009 www.ocean-sci.net/5/511/2009/
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Fig. 1. A snapshot of dynamic topography (in meter) on 20 Novem- Fig. 2. Mean sea surface height (in meter) for a subregion of the
ber 2002 from the AGO1 model. The thick black line is the Agulhas AG01 model. The thick black line in the Atlantic Ocean denotes
Current pathC 4, starting at poinpy, as detected by the algorithm. the location of the GoodHope line, over which the Agulhas leakage
The dashed closed contour is the associated ring found by the ringransport from numerical Lagrangian floats is determined.
detection algorithm. The westward extent of the current is indicated
by ¢u .
reach the Agulhas Current retroflection and possibly affect
the westward extent (Van Leeuwen et al., 2000). This lag

(Madec, 2006, version 2.3). The nesting approach is two-i|| assure that the moment of Natal pulse crossing &at82
way (Debreu et al., 2008), allowing the high-resolution js uncorrelated ta,.

AGO1 nest to receive its open boundary values from the

ORCA base model and to update the base model with data

from the nest, thereby embedding the Agulhas system int@ Relating the retroflection front retreat to ring size

the large-scale circulation. Both models have 46 vertical lay-

ers, with layer thicknesses ranging from 6 m at the surfacdn the sea surface height field, Agulhas rings are the most

to 250 m at depth, and employ partial cells at the ocean floonotable transport agent of Agulhas leakage (see also Van Se-

for a better representation of bathymetry. The two modelshille et al., 2009c). Although it is difficult to track the paths

are forced with the CORE data set of daily wind and surfaceof these rings in noisy sea surface height data, ring shed-

forcing fields (Large and Yeager, 2004) for the period 1958—ding events themselves can more easily be detected. Several

2004. The model output is available as the average of five daglescriptions of the ring shedding mechanism have been pro-

intervals. It was demonstrated that the mesoscale dynamiggosed. In one of these (Ou and De Ruijter, 1986; Lutjeharms

reflected in the decadal variability of the Atlantic meridional and Van Ballegooyen, 1988; Feron et al., 1992), the essential

overturning circulation (Biastoch et al., 2008a). component is that the western front of the Agulhas Current
Biastoch et al. (2008b) have demonstrated that the highslowly moves westward most of the time. At some moment,

resolution nest captures the transport and currents of all conthe loop formed by the Agulhas Current and Return Current

ponents of the greater Agulhas system with substantial suceccludes, an Agulhas ring pinches off, and the western front

cess, including perturbations in the Mozambique Channekxperiences an instantaneous eastward retreat.

and east of Madagascar. The data set comprises model out- The model time series shows evidence for the retroflec-

put over the period 1968-2004 and the algorithm for trackingtion loop occlusion (Fig. 3). The histogram of the change in

C 4 succeeds in 99% of the snapshots. westward extentA¢,, /At is skewed, with a large peak at
The 1% of the snapshots where no proper contour can bslower westward speeds and a smaller peak at higher east-

detected seem to be related to events when extremely intensegard speeds (not shown). This is an indication for saw-tooth

Natal pulses (Lutjeharms and Roberts, 1988) pass @832 behavior, where the current retreat is quick as a ring sheds

At some of these occasions the Agulhas Current temporarilyoff, and the current progradation is slow as the Agulhas Cur-

meanders offshore so much that it can not be tracked anyrent retroflection moves west.

more (although on most snapshots with a Natal pulse@$32  Using A¢,,/At, ring shedding events can be detected.

the algorithm does not fail in finding a proper contour). Note Whenever the Agulhas Current experiences a large retreat

that this does not necessarily mean that there is a bias in then the five day interval (Ag/Atr > 0.4 degree day') this

¢, data set, as it takes the Natal pulses a few months tas considered a loop occlusion event and an associated ring is

Www.ocean-sci.net/5/511/2009/ Ocean Sci., 5,511-521, 2009
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Fig. 3. Time series of the westward extepy, of the Agulhas Cur-
rent for the AGO1 model (upper panel) and a zoom of the westwar
extentg,, for the year 1996 only (lower panel). The sawtooth be-
havior in the lower panel is an indication for the loop occlusion
mechanism described by Lutjeharms and Van Ballegooyen (1988I
and Feron et al. (1992). In this mechanism, a slow westward move-
ment of the Agulhas Current front is followed by a fast eastward
retreat as an Agulhas ring is pinched off.

OFig. 4. The change in front location for loop occlusion events for
the AGO1 model (whem\¢,,/At > 0.4 degree daS/l) versus the
area of the associated ring being shed. The black line is the best

near fit, with the gray area denoting the 90% confidence band.

he correlation coefficient of the data set is 0.77.

IANE package (Blanke and Raynaud, 1997), similar to the

attempt by Biastoch et al. (2008b) to estimate the long-term
sought in the dynamic heiglit(¢,0). An associated ring statistics of the modeled interocean exchange. The isopyc-
is defined as a closed contour of height equal to that ofnal floats are released every five days throughout the water
Ca(¢,0), located in a 1x 5° area west of,, (Fig. 1). Since  column at 32 S, depending on the instantaneous local vol-
it is close tog,,, which has just experienced a sudden retreat,ume flux (see Fig. 5). The initial transport per float is capped
and has the same height@s(¢,0), we assume that the ring at 0.1 Sv, but a large portion of the floats represent a lower
has just shed from the Agulhas Current. If a ring is found, transport to allow for sampling in grid cells where transport
the area inside the contour is taken as a measure of the ring lower than 0.1 Sv. The floats are integrated for five years,
size. If multiple closed contours are found, the one closest tagso that most floats reach the domain boundaries. The total
¢y is taken to be the associated ring. Since the Cape Basinumber of floats released in the model is A.6°, launched
is full of eddies, this happens regularly. In total, there areover a period of 37 years (1968—2004). After the five year
37 occasions (11%) when one ring is found, 293 occasiongntegration period, only 3% of the numerical floats have not
(88%) when two or more rings are found, and 4 occasionsexited the domain. The mean model Agulhas Current trans-
(2%) when no rings are found. port at 32 S is 64 Sv.

There appears to be a relation in the model data between sgjng the float data, a time series of the Agulhas leakage

the magnitude of front retreat and ring size (Fig. 4). A ransport is constructed for the model. Only floats of which
larger retreat of the Agulhas Current retroflection results ingye final position is west of the GoodHope line (see Fig. 2)

a larger ring being shed. Note however, that this does nofre taken into account. The GoodHope line (Swart et al.,
hgve to mean that the amount of Agulhas leakage is Iargerzoos) is a combined XBT and PIES line currently used to
Rings which have been shed are sometimes recaptured by th&timate Eulerian fluxes. Choosing this line facilitates future
slowly_ westward protruding Agulhas Current. Ther_efore, thecomparison between the Lagrangian fluxes presented here
magnitude of Agulhas leakage can better be derived somesnq i situ Eulerian estimations. Van Sebille et al. (2009b)
what farther away from the retroflection, in the Cape Basin. pave shown that the model used here might possess skill, in
the sense that the statistical properties of the numerical float
trajectories can not be considered very different from the sta-
tistical properties of the trajectories of real drifting buoys in
To quantify the possible relation betwegp and the magni-  the Agulhas area.

tude of Agulhas leakage, an assessment of the Agulhas leak- The transport of each float crossing the GoodHope line is
age transport is made by tracking numerical floats. The floatdded to the Agulhas leakage fliy, (1), wherer is the last
trajectories in the AG01 model are computed using the AR-time the float crosses the line. In this way, floats that cross

4 Measuring the Lagrangian Agulhas leakage transport

Ocean Sci., 5, 511-521, 2009 www.ocean-sci.net/5/511/2009/
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250 of water sampled by the numerical floats over the GoodHope line
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3000® @ | magnitude of Agulhas leakage is 16.7 Sv, with a standard deviation
Y ® Floats at 32°S of 9.2 Sv. The Agulhas leakage transport never gets to zero on this
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Fig. 5. Mean transport by the Lagrangian floats per model layery,o ndian Ocean in the period 19682002 in the Large and
at the location where the floats are released (green) and when th$eager (2004) data set. This decrease in wind stress curl may
floats get into the Altantic Ocean at the GoodHope line (purple). ’

The isopycnal floats are seeded according to local volume flux, sgause a weaker Indian Ocean subtr.oplcal nge' and.hence a
most floats are seeded in the upper 1500 m. The transpore& 32 Weaker Agulhas Current. As there is an anticorrelation be-
by floats seeded below 2000 m is 1.62 Sv, but the transport acrosiveen Agulhas Current strength and the magnitude of Ag-
the GoodHope line by these deep floats is only 0.03 Sv. ulhas leakage (Van Sebille et al., 2009a), the reduced wind
stress curl would imply an enhanced leakage. In the model,
indeed, there is a negative trend in the amount of floats being
the line several times are only added to the Agulhas leakageeeded but a positive trend in the amount of floats that end up
flux time series once, at the moment of their last crossing ifin the Atlantic Ocean.
that is into the Atlantic Ocean. The flux from floats that cross  The mean leakage over a five day period can peak at more
the GoodHope line and end in the Indian Ocean is negligiblethan 50 Sv. This is the case when an Agulhas ring passes
The estimates of the magnitude of Agulhas leakage in lit-through the section, and a large bulk of Agulhas Current wa-
erature have a large range, from 4 Sv (Schmitz Jr, 1995; Garter is advected over the GoodHope line. The leakage never

zoli and Gordon, 1996) to 22 Sv (Donners and Drijthout, goes to zero, so there is always some small background leak-
2004). However, most studies report an estimate of 11—age on the five day resolution used here.

17 Sv. These estimates are based on different methods, suchThere is almost no Agulhas leakage below 2000m, al-

as water mass analysis (Gordon et al., 1992), altimetry (Gargnough there are floats which are released deeper in the Ag-
zoli and Goni, 2000), Eulerian model fluxes (Reason et al.,jlhas Current (Fig. 5). Apparently, only the upper part of
2003), numerical Lagrangian floats (Doglioli et al., 2006; Bi- the Agulhas Current leaks into the Atlantic Ocean and the
astoch et al., 2008b), or drifting buoy trajectories (Richard-|ower part is returned into the Indian Ocean in this model.
son, 2007). However, none of these studies provide an esthe relative shallowness of Agulhas leakage was also found
timate of the (interannual) variability of Agulhas leakage as by Donners et al. (2004), who reported that Agulhas leak-
the time series obtained in these measurement campaigns 8fe was limited to the upper 1200 m in their model. Fur-
model runs is generally too short to yield higher order statis-thermore, using observations, Van Aken et al. (2003) show
tics. that an Agulhas ring has low relative vorticity below 1200 m,

The 37 year long time series in the AGO1 model allows yhich might imply that deeper than 1200 m there is almost
for an estimation of the variability of the modeled Agul- no mass carried by the rings. In a model study, De Steur et al.
has leakage transport. The average leakage in the modehoo4) showed that the size of the seperatrix (the circumfer-
is 16.7 Sv, with a variability of 9.2Sv (Fig. 6). When a ence of the region where water is advected with an Agulhas
one year moving average window is applied to smooth thering) decreases with depth due to the decrease in swirl veloc-
Agulhas leakage transport time series, there is clear interny of the water. At some depth, therefore, the swirl veloc-
annual variability, with Agulhas leakage transports rangingity js smaller than the translational velocity, and the Agulhas
between 10 and 25 Sv. rings can not advect water anymore (Flierl, 1981).

Wwww.ocean-sci.net/5/511/2009/ Ocean Sci., 5,511-521, 2009
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Since the float positions are available on five day resolu-  ¢.0s : : : 50
tion only, the calculation of crossing positions at the Good-  oosst
Hope line introduces at least three kinds of errors. First of £ ~
all, by using five day means, some of the small-scale featuress, 0-04f
of the Agulhas leakage may be smeared out and not correctly2 ¢ oss|
sampled. A second error may be introduced since the trajec-3
tories are computed using velocity fields which are updated
only every five days. During the time steps following the g?g 0.025¢
update the velocity fields do not change. Note that this error § o g,!
might be reduced with a float integration scheme that linearly §
interpolates the velocity fields between the five day means
(De Vries and [@os, 2001). Finally, an error may be intro-
duced since the float intersections with the GoodHope line * ogs|
are calculated by a linear mapping onto the GoodHope line,
but the float trajectories are certainly not straight between 000 1500 1000 500 O 0 100 200 300
consecutive model averages. Offshore distance [km] Days after 1 Jan 1980

The error in GoodHope line crossing position can be in- _. . .
vestigated by testing the modeled Agulhas leakage transpoflg' 7. Float-determined transport over the GoodHope line for the
c}efault model run using five day averaged model fields (red lines),

dEper,‘denCy on the temporal resolutl'on. For the year 1980, @hd a short run using one-day averaged model fields (gray lines).
experiment was done where numerical floats were advecteg,y fioat trajectories starting in 1980 are used. The transport as a
using one day averaged model fields. The trajectories in thigunction of offshore distance (left panel) and the transport over the
experiment are not more than one year long. The float crosssoodHope line as a function of time (right panel) are shown. Apart
ings at the GoodHope line in this experiment can be com-from a decreased transport in the one-day averaged model fields at
pared to the float crossings in the experiment on five day750km offshore, the transport variability is quite similar, both in
resolution (Fig. 7). The agreement between the crossings i§pace and time.
high, both in spacing (& 0.95) and timing (R=0.97).

The only major discrepancy between the two experiments
is found in the crossing locations through the GoodHope line, 325
where the relative void in float crossings at 750 km offshore _. .5l
is much deeper in the one day resolution experiment than it 5;»; .
is in the five day resolution experiment. The bipartitioning 3
seems to be related to the peak in transport over the Good-g 8BSk
Hope line around day 275, as it disappears when the floats 0S|
data set is reduced to only crossings in the first 200 days of 42s}
1980 (not shown). But apart from this feature, reducing the  44s
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areas which are void of floats (except for areas of pure At-high-resolution _nested model. Th_e lines denote the iqstantangous
lantic Ocean or Southern Ocean water, mainly in the Antarc-sea surface height (at a contour interval of 25cm), with negative

tic Ci lar C N H th . | tend values in blue and positive values in red. This snapshot is typical
ic Circumpolar Current). However, there is a clear ten €NC¥or the model, where there is a high correlation between sea surface

for floats to cluster in Agulhas rings and Agulhas cyclones, peignt information (Agulhas rings, eddies, fronts) and the density

especially close to the retroflection region. Further into theof Lagrangian floats.

Atlantic Ocean, the distribution is more homogeneous. This

decay of Agulhas rings and the consequences for the fate

of Agulhas leakage is further discussed in Van Sebille et al5 Relating Agulhas leakage to sea surface height

(2009c).
Both the modeled westward extepit and the modeled Ag-
ulhas leakage transpafl ;, are highly variable, which is due
to the intermittent nature of the shedding of Agulhas rings
(Fig. 3 and Fig. 6). The crosscorrelation between these two
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gquantities is maximum at a lag of 105 days. Such alag agrees 40— . . : : :
roughly with the time it takes the Agulhas rings to drift from o

the location where they are shed to the GoodHope line, a 3| ° |
distance of approximately 500 km (from 175 to 12 E).
Byrne et al. (1995) and Schouten et al. (2000) found an Ag-
ulhas ring translation speed in this region of 5 km/day, which
leads to a comparable translation time (100 days).

Since the amount of noise in the area is high the time serles
are subsampled to three month bins. We choose a 95 day Iow-m
pass filter, as it yields the best signal-to-noise ratio: a high = 3
crosscorrelation level betweé@h; and®,, on the one hand, <
and a low crosscorrelation significance level on the other.
Given the chaotic nature of the fluid flow in the retroflec-
tion area and the continuous motion of the front, one would

30 b

akage T AL [Sv]

expect a time scale related to the shedding frequency of the ° 15 14 16 18 20 22 24

rings (90 days for four rings per year), or longer if longer @, [degrees]

time scales exist in the system. For larger averaging periods,
however, the time series is too short and thus the crosscof=9- 9- The 95 day binned float-determined Agulhas leakage trans-
relation significance level is too high. These con&dert;tﬂonaport TsL versus westward extedt,, for the model data. The black

ne is the best linear fit and the gray area indicates the estimated
ESSIk:gstTeeaE;ng':?Sng[e)ggmon of the westward extent and confidence band so that 90% of the data points fall within the area.

The correlation between the two data sets %48, which is signif-
@y (1) =(pw(t—105days)  Tar(t)=(Far())  (2)

icant at the 90% confidence level.
where(...) is the 95 day binning operator.

The correlation between the time seriesigf andT,,, is
—0.48, which is significantly different from zero at the 90%
confidence level (Fig. 9). This correlation is not very high,
which is also evident from the large spread in data points,
but it supports our hypothesis that in the model a more west-
ward location of the Agulhas Current retroflection leads to

such that 90% of the data points lie within that band. This
90% confidence band results in an uncertainty of 15Sv in
the estimate. An estimate of the magnitude of Agulhas leak-
age based on the current’s westward extent is therefore only
‘certain within a 15 Sv range and this might limit the usability
of the quantitative relation Eq. (3). However, the observa-
an increase in the magnitude of Agulhas leakage. tion that there is a significant linear relation is more robust
(see also the discussion, Sect. 7). Further note that the one

From a dynamical perspective, the possible relation be- standard deviation error estimate is much lower, at 5.4 Sv.
tween westward extent and leakage could be explained by

two mechanisms. First of all, a westward zonal jet is more

unstable than an eastward one (Gill et al., 1974), so that, i6  Application to altimetry data

®,, is more westward, the potential for instabilities to grow

and rings to pinch off is larger. Secondly, a more westwardThe relation which has been found in the previous section can

retroflection causes the eddies to be spawned farther into thiee used to construct an estimate of the magnitude of Agulhas

Atlantic Ocean, where they have a lower chance of being releakage when only sea surface height data are available. The

entrained into the Agulhas Current (Pichevin et al., 2009). algorithm for findingg,, as described in Sect. 2 was designed
To quantify the relation between retroflection location and to be also applicable to altimetry data, since geostrophic ve-

leakage, a linear regression has been performed on the dalecities are used instead of model velocities. Applying the

points. This leads to a linear estimate of the magnitude oflinear estimate of Eq. (3) to altimetry data, where the true

Agulhas leakagé 4, , given the 95 day binned westward ex- magnitude of Agulhas leakage is unknown, might yield some

tent: first estimate of the mean and variability of the magnitude of
Agulhas leakage in the real ocean.
Epr=a @y +p ) The altimetry data used is from the AVISO project: more

- _ _ than 15 years of weekly merged sea level anomalies in the
where the fitting parameters = —1.1 Sv/degree ang = Agulhas region on a 1f4resolution, combined with the Rio

ﬁ]GizligS\s/) are obtained from the best fit of the 95 day means, i1\ andez (2004) mean dynamic topography. The algo-

. . rithm for tracking the Agulhas Current detects a contGyr
Dugto the reI.at|ver IOW corrglatlon betWPT% aanAL’ in 94% of the snapshots. The mean westward extent in the
the skill of the linear estimate is not very high. This can be

quantified by assigning a confidence band to the linear esEjlata setis 19:%.

timate. As a first approximation, a constant band is chosen
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Fig. 11. The estimated magnitude of Agulhas leakage frBpy,

(gray area as 90% confidence band) for the 95 day binned AVISO
y 115 > altimetry data. The sharp decreaserf; in 2001 coincides with
A6, | At[degree day™] an early retroflection (De Ruijter et al., 2004). According to the es-
timate, it is very likely that during this early retroflection the mag-
Fig. 10. The change in front location for loop occlusion events for Nitude of Agulhas leakage was reduced.
the AVISO altimetry data (wheng,, /At > 0.4 degree day?) ver-
sus the area of the associated ring being shed. The gray area denotes
the 90% confidence band. The correlation coefficient of the data set The 15 Sv confidence band around the linear estimate of
is 0.59. Although the spread in data points is smaller than in thethe magnitude of Agulhas leakage in the AVISO data seems
AGO01 model (Fig. 4, note the different scales of the axes), both theto prohibit any more detailed analysis of the time series. But
linear relation and the width of the 90% confidence band are similarthis is only true for the analysis on the magnitude of Agulhas
leakage, which is computed using information from the data
points in Fig. 9. The variability in the magnitude of Agulhas
The variability in westward extent is much smaller in the leakage, on the other hand, is directly related to the variabil-

AVISO altimetry data set than in the AGO1 model data set.Ity n Wes_tV\_/ard ex'_cen}cl?w and may therefore be a_nalyzed.
Although it is not significant, there seems to be evidence for

The magnitude of large ring retreats is generally smaller .
9 g g g y an annual cycle in the westward extent of the Agulhas Cur-

E)cec;vn\:g:;efrilr?t. rle?rgg:haségé:gé :lfet\r/gtgﬁ ézzs; dtr;ii E;ei?t;?:][ent retroflection in the AVISO data, with a more westward

ilar, with the best linear fit having almost the same slopeAg_ll_Jrllhas Cuhrrle nt retrof!eg’_t:_(:n n ta;}ustpr\\a/llévg t(;ar.t t than i
(both 1.2 10° km? day degreel). Furthermore, the distribu- € much lower variabiiity in the ata set Inan in

tion of the amount of rings in the’k 5° area just west op the AGO1 data sets appears to be related to the relatively high
is also very comparable, at 14% of the snapshots wilfh or]éraction of the time that the Agulhas Current retroflection is
ring in the area (11% in the model), 86% with two or more west of 15’. E in the model (F!g. 12). On the ongmal tempo-
fings (88% in the madel), and 0% with no rings (2% in the ral resolution of the' mgde[ (five days) and the alt!metry data
model). This correspondence of both slope and amount Ofseven days), the distributions of the eastward tails (the early

rings between model and altimetry is a somewhat surprisin Etroflegu?ﬂs) Ofpwy arr]e s_:jmllar. Wg;t (_)f 2;3_’E' _Eovyeverf,
validation of the AGO1 model. e model has a much wider spread in its distributio g

The linear estimate of Eq. (3) yields an estimated time sefhan the altimetry data. The spread is closely related to the
ries £, for the AVISO altimetry (Fig. 11). The mean mag- Agulhas .Ieakage .varllablllty, through the Imear rglanon. An
nitude of Agulhas leakage in the AVISO data set is 13.2 Sy,&xPlanation for this wide band gf, may be in details of the

with a variability of 1.5Sv. The most prominent feature 'numerical representation such as viscosity parameterizations
in the time series is tHe dr.op in the magnitude of Agulhasand used values. The wider distribution is in agreement with

leakage in the beginning of 2001. This drop coincides with the more we.stward ﬂ(_)wing Agulhas Current and the gssoci-

the early retroflection of December 2000 (De Ruijter et al., ated larger ring area |n'the model compared to the altimetry

2004). In this period, the Agulhas Current retroflected east oidata (compare Fig. 4 with Fig. 10).

the Agulhas Plateau for almost six months, and no Agulhas

rings were formed. Such early retroflections are important7 Conclusions and discussion

large-scale events. One more has been reported, by Shan-

non et al. (1990) in 1986. The AGO1 model also has earlyryq jnfiuence of the westward extent of the Agulhas Cur-

retroflections, but these seem to be a bit too common (Bias;ant on the magnitude of Agulhas leakage has been inves-

toch et al., 2008D). tigated by releasing floats in the high-resolution two-way
nested AGO1 numerical ocean model. A relation has been
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20 : : : : A fundamental assumption in the linear relation between
®,, andTy is that, by monitoring the Agulhas Current loca-
] tion, we can make a good assessment of the total magnitude
of Agulhas leakage, which includes small-scale features such
as filaments (Lutjeharms and Cooper, 1996; Treguier et al.,
2003; Doglioli et al., 2006). While these features are not
captured in the front movement, they are sampled by the nu-
merical floats. Therefore, the relation found for estimating
the magnitude of Agulhas leakage accounts for all leakage,
e ToE o8 208 25E 30E including that of small-scale filaments.
Westward extent ¢, [degrees] The transport estimate in the AVISO data set in only
slightly lower than estimated from direct observations and
Fig. 12. Distributions of the non-smoothed westward extent of the the 2001 early retroflection is unambiguously captured by
Agulhas Current retroflectio, for the AGO1 model data (red line)  the altimeter data. However, the validity of these results is
and the AVISO altimetry data (blue line). For high values of the |imited as the relation between Agulhas Current location and
westward extent (early retroflections, > 23° E) the distributions the magnitude of Agulhas leakage is derived from model data

of the two data sets are similar, but the lgy tail in the model data e L . .
) . . .__only, and no verification with in situ observation has been
is much more westward than for the altimetry data. This explains

the relatively low variability in AVISOE 4, compared to the vari- 90n€- The ultimate relation should come from an absolute
ability in AGO1 data (Fig. 11). The wider distribution, especially on €Stimate of the magnitude of Agulhas leakage from obser-
the low ¢y, tail, of the model data is also related to the larger rings Vational programs, where interocean fluxes are directly mea-
that are shed in the model (compare Fig. 4 with Fig. 10). sured.

151

101
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